ABSTRACT Hereditary, persistent, right oviduct manifested in an inbred line (PNP/DO line) from the Fayoumi breed of chickens was investigated for form of expression and mode of inheritance. Females in the PNP/DO line have varying lengths of elongated right oviducts, besides the normal left ovary, and oviducts that generally possess, irrespective of their total length, regions similar to those normally observed in a left oviduct. Observations of embryos indicated that the existence of right oviduct in this line could be attributed to the slow regression of right Mü llerian duct during the embryonic stage, and left-right
INTRODUCTION
Like most other avian species, the female chick has only a left ovary and oviduct as a consequence of the regression that occurs on the right ovary and Mü llerian duct (origin of oviduct) during the embryonic stage. There are, however, many reports of female chicks with a right ovary, oviduct, or both (summarized by Somes et al., 1990) , and at least some of persistent right oviducts described in these reports were apparently transmitted genetically. Morgan and Kohlmeyer (1957) , Morgan and Adams (1959) , Morgan and Greb (1959) , and Wentworth and McGibbon (1980) have described an inbred line of Rhode Island Reds (RIR) with persistent right oviducts. Sell (1959) reported a high incidence of persistent right oviducts in two generations of a White Plymouth Rock strain. McBride (1962) demonstrated that persistence of right oviducts found in an inbred line of Black Australorp (Winter, 1958) was controlled by a single incompletely dominant autosomal gene, Rov.
In 1984, a few females exhibiting a right oviductal opening in their cloaca were discovered in an inbred line of Fayoumi breed (PNP line) of chickens that had been main-1 Present address: Medical Research Laboratories, Taisho Pharmaceutical Co., Ltd., Omiya, Japan. 2 To whom correspondence should be addressed: tyamag@agr. nagoya-u.ac.jp. 1075 asymmetry in female genital system is intrinsic in this line. Intracrosses of the PNP/DO line produced 93% of female embryos with persistent right Mü llerian ducts at the next generation, and reciprocal crosses of the PNP/ DO line and control strains produced 5 and 30% of female embryos with persistent right Mü llerian ducts in the F 1 and N 2 generations, respectively. Mating results suggested that this mutant trait is controlled by two pairs of autosomal recessive genes with major effects and numerous loci that have minor effects. Thus, expression of this trait is due to the interaction of major loci and the background genotype.
tained at Nippon Institute for Biological Science. Thereafter, the PNP/DO line was derived from the PNP line by selective breeding for the right oviductal opening (Mizutani, 1987) . The PNP/DO line is currently in the 14th generation of selection, and almost all females in this line exhibit varying lengths of elongated right oviduct. In the present experiment, the characteristics in the PNP/DO line is described, and the mode of inheritance for the persistence of right oviducts (Mü llerian ducts) is presented.
MATERIALS AND METHODS

Birds
The PNP/DO line has been maintained and bred annually at the Nippon Institute for Biological Science as a closed colony consisting of 7 to 10 paired matings per generation. In each generation, only females that exhibited a right oviductal opening in their cloaca were selected for the subsequent generation. It was predicted that this inbred line had a putative inbreeding coefficient of about 88% by using single-strand conformation polymorphism analysis in 1997 (M. Mizutani, unpublished data).
Barred Plymouth Rock (BPR), RIR, and an inbred line of White Leghorn (WL) strains as controls and their crosses with the PNP/DO line were used in the present study. The BPR, RIR, and WL strains are maintained in our laboratory.
Morphology
We observed the left and right oviducts in adult females and gonads and Mü llerian ducts in embryos at 8, 10, 12, 14, 16, 18 , and 20 d of incubation. The temperature and moisture of the incubator were maintained at about 37.8 C and 80%, respectively. In adults, lengths of each region of the left and right oviducts (vagina, uterus, isthmus, magnum, and infundibulum) were measured in the PNP/ DO females, whereas the total length of left oviduct and the vestige of the right oviduct were recorded in other strains. A few specimens of left and right oviducts from the PNP/DO females that exhibited a well-developed right oviduct were fixed for eosin-hematoxylin staining. The adult birds were euthanatized by cervical dislocation. In embryos, the lengths and widths of the Mü llerian ducts and lengths of the longitudinal axis of gonads were measured with a digimatic caliper. All morphological observations in embryos were made under a dissecting microscope. Embryos were killed by cervical cutting.
Mating Experiments
Only females that exhibited a right oviductal opening in their cloaca, and males that were obtained from such females, were used as parents in the mating experiments. First, the subsequent generation of the PNP/DO line was produced from intracrosses. Next, F 1 progeny were obtained from reciprocal crosses of the PNP/DO line and the control strains, and, subsequently, F 2 and N 2 (back crossed to the PNP/DO line) progenies were produced. For each generation, the incidence of persistent right Mü llerian ducts and its degree of persistency in 20-d-old female embryos were recorded. Data on these incidences were analyzed by chi-square.
RESULTS
Observations on Adults
About 80% of laying females in the PNP/DO line exhibited a right oviductal opening in their cloaca when evaginated (Figure 1 ). In the postmortem examination, these females exhibited varying lengths of elongated right oviducts in their abdominal cavity that apparently possessed, irrespective of their total length, each of the regions (vagina, uterus, isthmus, magnum, and infundibulum) normally observed in a left oviduct (Figures 2 and 3) . These oviducts had sufficient elasticity to permit extension when these females come into production. A few individuals possessed an egg in the uterus region of their right oviduct at necropsy. On the other hand, some females in this line did not exhibit a right oviductal opening in their cloaca and exhibited a relatively short and indistinct right oviduct or vestige of a right oviduct that formed a large cyst-like structure. 
Observations on Embryos
The numbers of embryos examined at 8, 10, 12, 14, 16, 18 , and 20 d of incubation were 10, 8, 22, 21, 22, 25, and 26 females and 10, 11, 11, 17, 23, 23 , and 12 males in the PNP/DO line, respectively. In the control (RIR) strain examined, the respective numbers were 10, 6, 12, 7, 7, 15, and 66 females and 10, 8, 8, 14, 8, 14 , and 65 males on the same incubation days. In the PNP/DO line, varying lengths of elongated right Mü llerian ducts were observed in female embryos even after 12 d of incubation ( Figure  4A ). Some of these persistent right Mü llerian ducts were completely intact and showed no signs of regression and equivalent to their left analogs. Furthermore, some persistent right Mü llerian ducts showed bulb-like shapes similar to the left analogue after 16 d of incubation. Other examples were intermediates between the completely persistent right Mü llerian duct and the control phenotype, although there were no instances when regression of the same degree as the control was found in the PNP/ DO line at 12 and 14 d of incubation.
In male embryos, no differences were recognized in the regression of the Mü llerian duct between the two strains. At 8 d of incubation, Mü llerian ducts in male embryos exhibited generally similar features as those in female embryos at a similar stage. At 10 d of incubation, the Mü llerian ducts became very thin and, subsequently, disappeared in both strains.
In observations of embryonic gonads, differences in size of the left ovary were recognized between the two strains after 12 d of incubation and, after 18 d of incubation, on the right ovary ( Figure 4B ). However, asymmetric regression of the right ovary was also observed in the PNP/DO line compared with the control strain.
Mating Experiments
In the mating experiments, a persistent right Mü llerian duct was defined as that which exhibited a right Mü llerian duct whose length, width, or both exceeded 30% of those values of the left Mü llerian duct in same individual at 20 d of incubation. And others were defined as a normal phenotype. In most of 107 female, 20-d-old embryos from the control (RIR and BPR) strains investigated, length and width of the right Mü llerian duct were regressed to about 20% of the values of the left Mü llerian duct, and only 2 individuals of 107 embryos possessed a right Mü llerian duct whose length and width exceeded 30% of those values of the left Mü llerian duct ( Figure 5 ).
The average lengths of left and right oviducts from 12 laying females in the PNP/DO line that were used as parents in the mating experiments are given in Table 1 . Almost all of these parental females had well-developed right oviducts in their abdominal cavities. The average total lengths of the left oviduct and vestige of right oviduct from laying hens of control strains and F 1 females are presented with those from the PNP/DO line ( Table  2) . With the exception of the RIR strain, all of the control and F 1 females had vestiges of right oviducts in the abdominal cavity, but no individuals exhibited a right oviductal opening in the cloaca. Some of the control and F 1 females that exhibited vestiges formed large or small cystlike structures. One F 1 female exhibited a vestige that formed a short oviduct-like structure that contained magnum-and infundibulum-like regions and two cyst-like structures.
The incidence of persistent right Mü llerian ducts in female embryos, at 20 d of age, from the PNP/DO line and F 1 , F 2 and N 2 from the mating between the PNP/DO and control strains are summarized in Table 3 . All of the pure lines of the PNP/DO line produced a high incidence of persistent right Mü llerian ducts, and the average was 93%. To produce F 1 progeny, the PNP/DO line was reciprocally mated to controls. Several reciprocal matings produced low incidences of persistent right Mü llerian ducts in the F 1 generation, although almost all F 1 20-d-old female embryos examined were classified as normal phenotypes. To produce the F 2 progeny, four F 1 birds obtained from the same mating pair were mated. The incidence of persistent right Mü llerian ducts in the F 2 generation obtained from the two full-sib matings was 44%. To produce N 2 progeny, two to six F 1 females were mated to their own parental PNP/DO, and four F 1 males were mated to their own parental PNP/DO female, other PNP/ DO females, or both. The incidence of persistent right Mü llerian ducts observed in the N 2 group showed variation with different matings; as a whole, 34% (244/722) of N 2 female embryos exhibited persistent right Mü llerian ducts. Notably in these backcross experiments, one PNP/ DO male (#DO-12M) and its mating partner (control female #BPR-2F) that were used to produce F 2 progeny showed a tendency to produce an especially high incidence (73%) of mutant embryos in the N 2 generation (Table 4 ). In the F 1 , F 2 , and N 2 generations, the persistency of right Mü llerian ducts observed in mutant embryos varied from those slightly exceeding the criterion for persistence to those fully persistent.
DISCUSSION
Characterization for Persistent Right Oviducts in the PNP/DO Line
Females in the PNP/DO line have varying lengths of elongated right oviducts in addition to the normal left ovary and oviduct. This form of deformity is similar to other transmissible, persistent right oviducts previously described in an RIR strain (Morgan and Kohlmeyer, 1957; Morgan and Adams, 1959; Morgan and Greb, 1959; Wentworth and McGibbon, 1980) , a White Plymouth Rock strain (Sell, 1959) , and a Black Australorp strain (Winter, 1958; McBride, 1962) . In laying females of the PNP/DO line, well-developed right oviducts had sufficient elasticity to permit extension. A few of these right oviducts contained eggs in their uterine region at necropsy. Thus, elongated right oviducts in this line are able to respond to endogenous sex hormones similar to the left oviduct, and at least some of them are thought to be entirely functional.
In female embryos of the PNP/DO line, varying lengths of elongated right Mü llerian ducts were observed after 12 d of incubation, whereas their right ovaries regressed asymmetrically comparable with the control strain (Figure 4) . These observations indicate that the slow regression of the right Mü llerian duct that contributes to the existence of the right oviduct occurs in the PNP/DO female embryos, although the left-right asymmetry in female genital system is intrinsic. The expression of this trait is suggested to begin simultaneously at the onset of the duct regression, because no right Mü llerian ducts that regressed as rapidly as the control strain were found in the PNP/DO line up to 16 d of incubation.
In the chick female embryo, left and right ovaries produce sufficient levels of Mü llerian-inhibiting substance (MIS) to cause regression of the fetal rat Mü llerian duct in vitro (Hutson et al., 1981) , albeit at much lower levels than that found in the testis at similar stages (Teng, 1987; Eusèbe et al., 1996) . The maintenance of a left Mü llerian duct in the female embryo in the face of early MIS exposure is attributed to the protection by estrogens that are produced in abundance by embryonic ovaries (Tanabe et al., 1986 ) that act through nuclear estrogen receptors that are present in higher amounts on left side (MacLaughlin et al., 1983) . Androgens, on the other hand, support the Mü llerian-inhibiting activity of MIS, and the partial maintenance of right Mü llerian duct has been observed in female embryos pretreated with cyproteroneacetate, a potent androgen antagonist (Hutson et al., 1985) . The PNP/ DO line may have some mutation in these endocrinal systems of Mü llerian duct regression.
For male embryos of the PNP/DO line, no visible abnormalities were recognized concerning the Mü llerian duct regression. This result does not exclude the possibility that the PNP/DO line has some mutation in the endocrinal systems of Mü llerian duct regression. In avian species, regression of Mü llerian duct in male embryos is thought to be controlled more steadily than that in female embryos (Hutson et al., 1985) .
Genetic Considerations
The PNP/DO line originated in a few females that exhibited a right oviductal opening in their cloaca that was found in an inbred line of the Fayoumi breed (PNP line) in 1984 and has been selected for this right oviductal trait since. All 33 crosses of the PNP/DO line produced a high incidence (average of 93%) of persistent right Mü llerian ducts in the next generation (Table 3 ), indicating that the major loci for this mutant trait are almost fixed in this line after several years of selection.
In the mating experiments between the PNP/DO line and control strains, almost all F 1 female embryos obtained from reciprocal crosses were classified as the normal phenotype (Table 3) . Furthermore, no F 1 females that exhibited a right oviductal opening in their cloaca were found in adult birds. These results suggest that the major genes for this mutant trait exhibit an autosomal recessive mode of inheritance. In our view, the persistent right Mü llerian ducts observed in a small number of F 1 embryos and cystlike or short oviduct-like vestiges observed in F 1 females were produced by results of an environmental factor, an interaction of major and minor loci for this mutant trait, or both. This conclusion is consistent with the observation that in the control strains, 2% (2/107) of female embryos were classified as the mutant phenotype by our criterion (Figure 5 ), and well-developed vestiges of right oviduct have sometimes been found in normal females (Champion, 1955; Sell, 1959) .
The incidence of persistent right Mü llerian ducts observed in the F 2 and N 2 generations varied with different matings, and the persistency of right Mü llerian duct observed in mutant embryos also varied with different embryos in these mating experiments. Thus, the persistent right Mü llerian duct in the PNP/DO line is thought to be controlled by several genes. However, it is also suggested that one, or a very few, autosomal recessive major genes are involved for this mutant trait, because a relatively high incidence of mutant embryos was observed in the F 2 and N 2 generations. The PNP/DO female used as a parent was a different individual from the mother of the F 1 male partner in these matings.
As a whole, 44% (42/96) of F 2 female embryos and 34% (244/722) of N 2 female embryos exhibited a persistent right Mü llerian duct. One PNP/DO male (#DO-12M) and its mating partner (#BPR-2F), however, produced an especially high incidence (73%) of mutant embryos in the N 2 generation; the incidence of persistent right Mü llerian ducts in N 2 female embryos, except from this mating, was calculated to be 30% (Table 4) . Statistically, this value is not consistent with the expected incidence of 49%, based on the hypothesis that the persistent right Mü llerian duct in the PNP/DO line is controlled by an autosomal recessive gene with 93% penetrance in the homozygous state and 5% penetrance at other genotypes (penetrances were based on the observed incidences of mutant embryos at the next generation from crosses within the PNP/DO line and F 1 generation from reciprocal crosses of the PNP/ DO line and control strains in these mating experiments). But the value is in accordance with the expected incidence of 27% in the N 2 generation (χ 2 = 2.79, 0.05 < P < 0.10) based on the hypothesis the trait is controlled by two pairs of autosomal recessive genes with 93% penetrance in the double homozygous state and 5% penetrance in other genotypes.
In the mating experiments, F 2 progeny were produced from mating of the F 1 obtained from an only cross between #DO-12M and #BPR-2F. This pair showed a tendency to produce especially high incidences (44% at F 2 generation, 73% at N 2 generation) of mutant embryos (Table 4 ). Based on our hypothesis for two pairs of autosomal recessive genes, if #BPR-2F possessed these mutant genes homozygously for one locus and heterozygously for the other one, the observed value at N 2 generation is consistent with the expected incidences of 75% (χ 2 = 0.18, 0.5 < P < 0.7), although the value in the F 2 generation is not statistically significant because of few F 1 pairs. However, the incidence of mutant embryos at F 1 progeny from this mating was 12% (6/52) and is inconsistent with the expected incidence of 49%, based on the above hypothesis. Therefore, the bird (#BPR-2F) used as a control likely had some of major genes for this mutant trait or additional modifier genes that were able to alter the expression of this trait.
Considering the results of the statistical analysis discussed above, the persistence of right oviducts (Mü llerian ducts) in the PNP/DO line may be controlled by two pairs of autosomal recessive major genes, and minor genes not fixed in the control strains are thought to influence the observed incidence in these mating experiments. We speculate that the expression of these major genes is relatively stable in the homozygous state and that this trait is possibly expressed even when these major genes are in a heterozygous state, if some minor genes are present. In these mating experiments, intracrosses of the PNP/DO line produced more than 90% of mutant embryos in the next generation, and the observed incidence of mutant embryos at N 2 generation had relatively higher than expected incidence based on the hypothesis of two pairs of autosomal recessive genes.
